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Mouse hepatitis virus (MHV), a coronavirus, generates defective-interfering (DI) RNAs of different sizes during passages 
at high multiplicities of infection. Al MHV DI RNAs characterized so far contain an open reading frame (ORF) encoding a 
fused viral protein; in addition, D| RNAs with a long ORF have a competitive advantage over those with a shorter ORF. 
These findings suggest that DI RNA replication may require an ORF encoding a cis-acting viral protein. In this study, we 
used a naturally occurring DI RNA and inserted a 12-nucleotide (nt) amber-mutation linker at various positions to truncate 
the ORF. Most of the mutants replicated as well as the wild-type DI RNA, irrespective of the presence or absence and the 
length of the ORF in the RNA. Sequence analysis showed that ail of the mutants retained the insertional mutations even 
after two viral passages in tissue culture, establishing that the mutant D1 RNAs replicated. We have further introduced two 
3-nucteotide substitutions of the first two AUG codons of the ORF, thus completely closing the ORF. This DI RNA replicated 
as well as the wild-type DI, but, after a single passage, the majority of the mutant RNAs was replaced by recombinant 
RNAs which contain a restored functional ORF. However, an additional insertion of a 12-nt amber-mutation linker downstream 
of the AUG substitutions prevented recombination, and the DI RNA still replicated. These data indicate that DI RNA replication 
does not require a Dl-specific ORF encoding cis-acting viral proteins and that a 12-nucleotide insertion could prevent or 
delay the occurrence of RNA recombination, suggesting the importance of direct or indirect RNA alignment in homologous 


RNA recombination. ® 1996 Academic Press, Inc, 


INTRODUCTION 


Mouse hepatitis virus (MHV), the prototype of coronavi- 
tuses, contains a single-stranded, positive-sense RNA 
genome of approximately 31 kb, which is the largest RNA 
virus genome known so far (Pachuk et a/., 1989; Lee et 
al., 1991), The MHV genome contains seven to eight open 
reading frames (ORFs); each ORF Is preceded by a short 
stretch of consensus intergenic sequences, which 
serves as the initiation signal for mRNA transcription (Lai, 
1990). In MHV-infected cells, seven to eight virus-specific 
mRNAs, each with a 3’-coterminal nested-set structure, 
are synthesized (Lai et a/, 1981). All MHV mRNAs contain 
a leader sequence of approximately 70 nucleotides, 
which is derived from the 5’ end of the genome (Spaan 
et al, 1983; Lai et a/, 1984). The teader RNA regulates 
the transcription of MHV mRNAs in both trans- and c/s- 
acting manners (Jeong and Makino, 1994; Liao and Lai, 
1994; Zhang et a/, 1994). Simitar to other RNA viruses, 
defective-interfering (DI) RNAs were often generated 
when MHV was passaged in tissue culture at a high 
multiplicity of infection (m.o.i.) (Makino et a/, 1985). Char- 
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acteristically, DI RNAs retain both the 5’ and 3’ termini 
and scattered portions of the internal sequences of the 
wild-type viral genome (Makino et a/,, 1985, 1988b, 1990; 
van der Most et a/,, 1991). Since these D! RNAs replicate 
efficiently, they must have preserved the essential c/s- 
acting replication signals. However, because of deletions 
in parts of viral genes, most DI RNAs need wild-type 
virus as a helper to provide the viral gene products es- 
sential for RNA replication in trans. 

Different DJ RNAs retain different fractions of the wild- 
type genomic RNA. The longest O! RNA identified thus 
far, i-e., DIssA of the JHM strain of MHV, retains most of 
the coding capacity of gene 1, and thus is capable of 
autonomous replication even in the absence of a helper 
virus (Makino et af, 1988a). Other DI RNAs are consider- 
ably shorter; however, curiously, all naturally occurring 
MHV Dis contain an ORF that consists of several noncon- 
tiguous regions derived from gene 1 and other down- 
stream genes, which are fused in-frame (Makino et a/,, 
1988b, 1990; van der Most ef a/, 1991). Some of the 
proteins encoded by the Dl ORFs have been detected in 
the virus-infected cells (Makino et a/, 1988b, 1990; de 
Groot et a/, 1992). Intriguingly, all of the fusion proteins 
contain the N-terminal portion, corresponding to p28, of 
the gene 1 polyprotein (Baker et a/,, 1989). The biological 
functions of the Dil-encoded fusion proteins remain un- 
clear. 
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Similar to MHV DI RNAs, DI RNAs of poliovirus and 
clover yellow mosaic virus (CYMV) also contain a func- 
tional fusion ORF. It has been demonstrated that the 
fusion ORF is required for the replication of poliovirus DI 
RNA, which needs the e/s-acting function of certain gene 
product(s) of the fusion ORFs (Hagino-Yamagishi and 
Nomoto, 1989; Collis et a/, 1992). The ORFs of all DI 
RNAs of CYMV are also translatable (White et a/,, 1991); 
however, it appears that the translatabitity of DI RNA, 
rather than the specific viral gene product(s} from its 
fusion ORF, is crucial for CYMV DI RNA replication, sug- 
gesting that the translation process is a prerequisite for, 
or coupled to, CYMV DI RNA replication (White et af, 
1992}. On the other hand, the DI RNAs of vesicular stoma- 
titis virus, influenza virus, and Sindbis virus do not always 
have an ORF (Akkina et a/, 1984; Monroe and Schle- 
singer, 1984; Nayak ef a/, 1989). Thus, the role of ORF 
in DI ANA replication is variable from virus to virus. 

Recent studies on MHV DI RNAs (de Groot et a/,, 1992; 
Kim et al, 1993b) have revealed an interesting relation- 
ship between the size of the Dl-specific ORF and the 
relative rate of DI RNA accumulation. BD] RNAs with a 
large ORF appear to have a selective advantage over a 
nearly identical DI RNA which has a premature termina- 
tion mutation in the ORF. As a result, the revertant or 
recombinant DI RNAs which have a restored wild-type 
ORF rapidiy became a predominant population after the 
mutant DI RNAs were passaged in tissue culture (de 
Groot et a/., 1992; Kim et a/, 1993b). These observations 
were interpreted to support the postulated requirement 
of the fusion ORF for MHV DI RNA replication and accu- 
mulation (de Groot et a/,, 1992; Kim et af, 1993b). How- 
ever, this requirement has not been directly demon- 
strated. In this paper, we have experimentally addressed 
this issue. ff MHV DI RNA replication requires a func- 
tional fusion ORF, it will suggest either that the gene 
product(s) encoded by this ORF has an essential cis- 
acting function for DI RNA replication, or that DI RNA 
replication is coupled to translation. The answers to this 
issue have been equivocal because the frequent occur- 
rence of recombination between DI RNA and hetper viral 
RNA made it difficult to maintain the structure of input 
DI RNAs. We therefore developed a strategy to close or 
truncate the DI ORF in such a way that recombinational 
restoration of the ORF was prevented or delayed, 
altowing the direct examination of the effects of muta- 
tions on DI RNA replication. Here we showed that mutant 
DI RNAs without a functional virus-specific ORF were 
able to replicate, unambiguously demonstrating that a 
Dl-specific ORF encoding a cis-acting viral protein is not 
required for DI RNA replication. We also showed that 
a 12-nucleotide (nt) insertion prevented or delayed the 
occurrence of RNA recombination, thus ensuring the ge- 
netic stability of DI RNAs. This observation reveals inter- 
esting insights into the mechanism of RNA recombina- 
tion. 


MATERIALS AND METHODS 
Viruses and cells 


The plaque-cloned A59 strain (Manaker et a/, 1961) 
of MHV was used throughout this study. Viruses were 
propagated in DBT cells (Hirana et a/, 1974), a mouse 
astrocytoma cell line, at an m.o.i. of 0.5. DBT cells also 
were used as recipient cells for RNA transfection experi- 
ments. 


Plasmid construction 


Plasmid DE25 {(pDE25) was derived from DIssE RNA, 
which is the smallest DI RNA derived from the JHM strain 
of MHV (Makino et a/, 1984}. This construct (Makino and 
Lai, 1989) contains the complete DissE sequence placed 
downstream of the T7 polymerase promoter. pDE25 was 
used as ihe starting material to construct a series of 
mutants in which a reading frame termination linker was 
introduced into the ORF of DissE at different restric- 
tion sites to truncate the ORF. This 12-nt linker, amber- 
stop Nhel (5'-pdCTAGCTAGCTAG, Pharmacia), contains 
amber termination codons in all three different reading 
frames and also an Nhel restriction site. To construct 
p25Stu/Nhe (Fig. 1A), in which the amber-mutation tinker 
was inserted into the Stul site of pDE25, the Stul-re- 
stricted pDE25 fragment was first blunted by T4 DNA 
polymerase and then ligated with phosphorylated amber- 
mutation linker by T4 DNA ligase. Similarly, P25Afl/Nhe 
and p25Spe/Nhe (Fig. 1A) were made by inserting the 
amber-mutation linker into the Affll site and the Spel 
site of pDE25, respectively. To construct the closed-ORF 
mutant piaM (Fig. 1A), palymerase chain reaction (PCR} 
cloning was performed using p25Stu/Nhe as template. 
Briefly, primers 625 (5’-ATACCCCAAAGCCCGGCAAAT- 
ACGGTCTC-3’) and 629 (5’-TACTATCAAATCTCTITA- 
GAC-3’, Fig. 1A) were used to generate a 1300-bp DNA 
fragment by PCR, and primers —40 (5’-GTTTTCCCAGTC- 
ACGAC-3’) and 599 (5'-GCCGGGCTTTGCGGGTATGCA- 
ACC-3’, Fig. 1A), were used to PCR-synthesize a 300-bp 
DNA fragment. Both DNA fragments were isolated from 
low-melting-agarose gel and mixed together to carry out 
another PCR-amplification, using primers —40 and 629. 
The resulting DNA fragment of 1600 bp in length was 
digested with restriction enzymes Cilal and Spel; the re- 
stricted fragment was isolated from low-melting agarose 
and inserted into the C/al-Spe! site of p25Stu/Nhe, giving 
tise to plaM, in which the first two AUGs of the ORF 
were converted into CCCs, and a 12-nt, amber-mutation 
linker was inserted at the Stui site. Similarly, to construct 
ptaMNhe, PCR cloning was carried out using piaM as 
the template. For this purpose, primers 678 (5'-AAGCCC- 
CTAGCTAGCTAGGGCAAATACGGTCTC-3’, Fig. 1A) and 
629 were first used to amplify a 1300-bp DNA fragment, 
and primers 679 (5’-TTTGCCCTAGCTAGCTAGGGGCTT- 
TGCGGGTAT-3', Fig. 1A) and —40 were used to amplify 
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FIG, 1. The schematic diagram of the truncated- and closed-ORF-DI 
mutants used in this study. (A) A 12-nt amber-mutation linker was 
inserted into different restriction sites to truncate the ORF of DissE in 
pDE25 {Makino et a/, 1984, 1988b), which contains a T7 promoter 
sequence upstream of the DissE sequence. Open triangles indicate 
insertions of the 12-nt amber-mutation linker, which includes an hel 
site. Open arrows indicate the positions of primers used to perform 
PCR cloning or sequencing. Mutant 1aM was derived from 25Stu/Nhe, 
in which the first and second AUG codons were converted into CCC 
codons. Mutant laMNhe was derived from 1aM, in which a 12-nt 
amber-mutation linker was inserted into the position immediately down- 
stream of the second CCC codon in 1aM ORF. Diagram is not drawn 
to scale. Primer 630 (5’-GCGGAAATGGCCGGATGTCAA-3’} is comple- 
mentary to nucleotides 811-831 of DE25, according to the published 
sequence (Makino et af, 1988b). The remaining primers are described 
in the text. (B) Sequences of 1aM and 1aMNhe at the substitution sites. 
The numbers above the two arrows indicate the nucleotide positions 
of the first two ATGs in the ORF of DE25 (Makino et a/, 1988b). The 
substituted nucleotides are highlighted by shaded boxes. The inserted 
nucleotides (12-nt linker} in 1aMNhe are in lowercase letters and under- 
lined. 


a 300-bp DNA fragment. Both DNA fragments were mixed 
together and another PCR amplification was performed 
using primers —40 and 629, resulting in a DNA fragment 
of approximately 1600 bp in length. This fragment was 
digested with restriction enzymes C/al and Spel and li- 
gated with the C/al-Spel-restricted fragment of plaM, 
yielding plaMNhe, in which an amber-mutation linker 
was inserted immediately after the second CCC codon. 
To obtain RNA transcripts from individual mutants, plas- 
mids were linearized with Xbal, and jn vitro transcription 
was carried out using T7 RNA polymerase in the pres- 
ence of a cap analog m’G(5')ppp(5")G (New England 
Biolab) (Soe et a/., 1987). 


RNA transfection 


A&Q-infected DBT cells were used as recipient cells 
for RNA transfection. Briefly, monolayers of DBT cells at 
approximately 80% confluence in 6-cm petri dishes were 
infected with A59 at an m.o.i. of 5. At 1 hr postinfection 
(p.i.}, the virus-infected cells were washed once with se- 
rum-free Eagle's minimal essential medium (MEM) and 
then covered with 4 ml of prewarmed MEM containing 


1% newborn calf serum. Ten micrograms of in vitro-tran- 
scribed RNAs were dissolved in a final volume of 200 jul 
10% {v/v} DOTAP (Boehringer-Mannheim Biochemicals} 
mixture. The RNA-DOTAP mixtures were incubated at 
25° for 10 min and then added slowly to cell cultures. 
After incubation for 4 hr at 37°, the inoculum was re- 
moved, and cells were washed twice with prewarmed 
serum-free MEM and further incubated for 9 hr (for the 
extraction of cytoplasmic RNA) or 12 hr {for the collection 
of released virus) in MEM containing 1% newborn calf 
serum. Culture fluid was harvested, clarified of cell de- 
bris, and stored at —80° for further use as the source of 
virus. 


In vitro translation and immunoprecipitation 


in vitro-transcribed RNAs were translated in an mRNA- 
dependent rabbit reticulocyte lysate system (Promega 
Biotec) optimized for MHV RNA translation (Denison and 
Perlman, 1986). Translation was performed in 25-yl mix- 
tures containing [*®S]methionine (2400 pCi/ml; New En- 
gland Nuctear). Immunoprecipitation was carried out as 
described elsewhere (Baker et a/, 1989). Briefly, in vitro- 
translated products were diluted to 1 ml in RIPA buffer 
(50 mM Tris~HCl, pH 7.4, 0.3 M NaCl, 4 mM EDTA, 0.5% 
Triton X-100, 0.1% SDS) and incubated with 3 yl of anti- 
p28 antibody (Baker et a/, 1989) and anti-nucleocapsid 
(N) antibodies for 2 hr at 4°. Antibody—antigen complexes 
were collected by incubating with 100 ul of a 10% (wl 
vol) solution of Staphylococcus aureus cells (Pansorbin; 
Calbiochem-Behring, La Jolla, CA) for 1 hr at 4° and sub- 
sequently were washed three times with 1 ml of RIPA 
buffer. The immunoprecipitated proteins were then 
eluted from bacteria by boiling for 2 min in electrophore-~ 
sis sample buffer (0.1 M 6-mercaptoethanol, 1% SDS, 
0.08 M Tris~HCl, pH 6.8, 10% glycerol). Bacteria were 
removed by centrifugation, and proteins were analyzed 
by electrophoresis on 5 to 15% polyacrylamide-gradient 
gels containing SDS (Laemmli, 1970). 


Metabolic labeling and preparation of intracellular 
viral RNA 


Confluent DBT cells in 60-mm plates were washed 
once with serum-free MEM medium and incubated with 
400 ul undiluted culture fluid containing released virus 
particles (m.o.i. of approximately 10). Following 1 hr of 
virus adsorption, inoculum was removed and replaced 
with 3 ml of MEM containing 1% newborn calf serum and 
2.5 g/ml of actinomycin D. At 5.5 hr p.i., 100 wCi/ml of 
[Hjuridine was added to each plate, and cells were fur- 
ther incubated at 37° for 1.5 hr. *H-labeled MHV-specific 
intracellular RNA was isolated according to published 
procedures (Yokomori et a/., 1992). RNA from each plate 
was redissolved in 30 pl of HO, and 3 yl of each sample 
was analyzed by agarose gel electrophoresis as de- 
scribed previously (Makino et a/, 1984). After electropho- 
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resis, gels were processed for fluorography and exposed 
to X-ray films. 


Direct sequencing of PCR products 


PCR products were separated by electrophoresis on 
1% jow-meiting-agarose gel. The products of correct size 
were purified and subjected to direct sequencing using 
the thermal cycle dideoxy sequencing reaction system 
(New England Biolab). The dideoxy-terminated chains 
were labeled with °°S-dATP. Twenty thermal cycles were 
carried out, each cycle consisting of incubations at 95°, 
55°, and 72° for 20 sec each. 


RESULTS 


Replication of mutant Di RNAs with a truncated ORF 
in the absence of RNA recombination 


Previous studies have demonstrated that MHV DI 
RNAs with a truncated ORF were rapidly replaced by 
ones with a longer ORF during viral passages, which 
usually resulted from recombination between DI RNA 
and helper virus RNAs or nucleotide insertion caused by 
polymerase errors (de Groot et ai, 1992; Kim et ai, 
1993b), suggesting that DI RNAs with @ long ORF have 
evolutionary advantages. This “repair” process was seen 
with DI RNAs which have either single-nucleotide substi- 
tutions or frameshift point mutations (de Groot et al, 
1992; Kim et a/, 1993b). This finding suggested that a 
long ORF provides a competitive advantage for RNA rep- 
lication or accumulation; however, it did not address 
whether ORF is required for RNA replication. To critically 
address this question, we constructed a new type of 
mutant DI by inserting a tandem of termination codons 
at various locations within the ORF of DI RNA. The ratio- 
nale is that nucleotide insertions (instead of substitu- 
tions) may prevent RNA recombination, allowing the un- 
ambiguous determination of the role of the ORF in DI 
RNA replication in the absence of recombination. For 
this purpose, we used the smallest D1 RNA, DissE RNA 
(Makino et af, 1988b), for mutagenesis ta minimize the 
possible effects from other RNA sequences or structures. 
DissE contains an ORF spanning more than 75% of the 
entire RNA (Makino ef a/, 1984, 1988b): the first 218 
amino acids correspond to the N terminus of gene 1a 
protein; the following 250 amino acids are derived from 
ihe region of gene 1a at 3.3 to 4 kb from the 5° end of 
the viral genome; and the last 101 amino acids represent 
the 3’ end of the N protein (gene 7) (Makino et a/, 1988b). 
The gene product(s) of this ORF has been detected in 
infected cells and in in vitro translation (Makino et ai, 
1988b). Several truncation mutants of this ORF were 
made by inserting at different sites a 12-nt linker (see 
Materials and Metheds), which provides TAG-stop co- 
dons in all three reading frames, generating three mu- 
tants, p25Stu/Nhe, p25Afl/Nne, and p25Spe/Nhe, with 
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FIG. 2. RNA synthesis of various mutant Dis. [H]Uridine-labeled 
intracellular RNAs from passage 1 virus-infected DBT cells were dena- 
tured by glyoxal and analyzed by electrophoresis on 1% agarose gel. 
The seven MHV-A59-specific mRNAs are numbered (lane 1). Arrow 
indicates the DI RNAs. 


ORFs of different sizes. To confirm the coding capacities 
of the mutants, RNAs were transcribed jn vitro and trans- 
lated in rabbit reticulocyte lysates. The translation prod- 
ucts were analyzed directly by SDS-PAGE or by immuno- 
precipitation with anti-p28 antibody, which recognizes 
the amino-terminus of gene 1 polyprotein (Baker et al, 
1989), and anti-N protein antibodies. Sequence analysis 
predicted that the products of all three mutant RNAs 
should contain the p28 sequence but not the N gene. 
The results showed that all mutant Dis indeed encoded 
truncated proteins of predicted sizes, which were precipi- 
table with the anti-p28 but not anti-N antibodies (data 
not shown) (see below). 

We then examined whether these mutant DI RNAs 
could replicate in MHV-infected cells. RNAs were 
transfected into A59-infected DBT ceils; the released vi- 
rus (called passage 0 virus) was harvested at 12 hr p.i. 
and used to infect fresh DBT cells. The supernatant from 
this infection (passage 1 virus) and the infected intracel- 
ular RNAs [passage 1 (P1) RNA] were analyzed. Figure 
2 shows that all three mutant Dis and wild-type DE25 
rom passage 1 virus replicated, although the 25Stu/Nhe 
RNA (lane 4) replicated slightly less efficiently than the 
others. In 26Stu/Nhe- and 25Atl/Nhe-transfected cells, 
here were two RNA species of DI size. One of these 
could be a newly generated DI, the nature of which was 
not further studied. To determine whether these RNAs 
represent the original mutant DI RNAs or have been re- 
placed by recombinant RNAs with a restored ORF, the 
passage 1 RNAs from 25Stu/Nhe were amplified by RT- 
PCR with primers 629 and 538 (Fig. 1A), and 25Afl/Nhe 
and 25Spe/Nhe were amplified with primers 629 and 
16 (Fig. 1A). All DI RNAs yielded RT-PCR products of 
predicted sizes (data not shown). These RT-PCR prod- 
ucts were directly sequenced without cloning. The re- 
sults showed that all of the mutant RNAs retained the 12- 
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FIG. 3. Direct sequencing of RT-PCR products from passage 1 RNAs 
of mutant Dis. 25Spe/Nhe and DE25 P1 RNAs were amplified by RT- 
PCR using primers 629 (5’-ATATACAACATCTGTTGCATT-3‘) and 116 
(8'-TGGCGTCCGTACGTACCTAA-3’) (Fig. 1A), and the PCR products 
were subjected to direct sequencing using primer 629. The 12-nt 
amber-mutation linker is underlined for 25Spe/Nhe. 


nt insertions, suggesting that the truncated ORFs were 
preserved and no recombination had occurred to remove 
these insertions, in contrast to the previously published 
Dis which contained point mutations and underwent re- 
combination very rapidly (de Groot et a/, 1992; Kim et 
al, 1993b). Representative sequencing gels are shown 
in Fig. 3. This result clearly indicated that these DI RNAs, 
which have a truncated ORF, still replicated efficiently. 
Restriction-digestion analysis of RT-PCR products from 
passage 2 intracellular RNAs demonstrated that Nhel 
completely digested the RT-PCR products of all three 
mutant RNAs into two predicted products (Fig. 4, corn- 
pare lanes 1 to 3 with lanes 4 to 6), further suggesting 
that the original Mhel linker insertion was retained at 
least until passage 2. It is unlikely that the RT-PCR 
method preferentially amplified the original mutant RNAs 
but not recombinant RNA because, when mutant Dis un- 
derwent recombination, the same RT-PCR method de- 
tected only recombinant RNA but not the original DI RNA 
(see below). These results indicated that a 12-nt insertion 
within DI RNAs prevented or delayed the occurrence of 
recombination between helper and DI RNAs. Since the 
12-nt linker contains termination codons in ail three read- 
ing frames, it is unlikely that any other undetected muta- 
tions could have restored the ORF. Therefore, we con- 
clude that D! RNAs with a truncated ORF can replicate 
efficiently. 

To further confirm that the ORFs of mutant Dis re- 
mained truncated, we examined the translation capacity 
of P1 RNAs. We initially attempted to detect Dl-specific 
proteins in DI RNA-transfected cells by metabolic label- 
ing and immunoprecipitation with anti-p28 antibodies. 
However, no Dl-specific proteins were discernible, prob- 
ably due to low efficiency of DI RNA translation. Thus, 
we used an alternative approach to examine the translat- 


abitity of P1 DI RNA jn vitro. For this purpose, RT-PCR 
products encompassing the entire ORF of these mutants 
were generated from P1 intracellular RNAs using primers 
116 and 857 (Fig. 1A}, and cloned into the EcoRV site of 
vector pBluescript(Sk); the resulting recombinant plas- 
mids were transcribed and translated jn vitro. This pair 
of primers should be able to detect the original mutant 
RNAs and any potential recombinant RNAs which have 
a restored ORF. The translation products were immuno- 
precipitated with anti-p28 or anti-N antibodies. Figure 5 
shows that all three mutant Dis derived from P1 RNAs 
made truncated proteins of predicted sizes, which were 
precipitated by anti-p28 antibody (lanes 1 to 4) but not 
anti-N antibodies (lanes 6 to 9). A total of six indepen- 
dently isolated clones for 25Spe/Nhe, six clones for 
26Afl/Nhe, and four clones for 25Stu/Nhe were exam- 
ined, and all of them gave identical results (data not 
shown). These results demonstrated that at least most, 
if not all, of the mutant RNAs retained the original inser- 
tions. Taken together, these results clearly indicate that 
DI RNAs containing a truncated ORF can replicate. 


Replication of a D! RNA with an ORF closed by 
substitutions of the initiation codons 


We next examined whether DI RNA still replicated 
when the ORF was completely closed. For this purpose, 
we constructed a mutant DI (named 1aM) in which the 
first two AUG codons of ORF were converted into CCC 
{Fig. 1B). The closure of the ORF was confirmed by in 
vitro transcription and translation; the result showed that 
no protein products immunoprecipitable with anti-p28 or 
anti-N antibodies were synthesized (data not shown). The 


FIG. 4. Restriction analysis of PCR products from passage 2 RNAs 
of mutant Dis with truncated ORFs, The passage 2 intracellular RNAs 
from 25Stu/Nhe were amplified by RT-PCR using primers 630 and 
116 (Fig. 1A), 25Afl/Nhe was amplified using primers 629 and 538 (5’- 
GCAGATCTATGGCAAAGATGGGCA-3’} (Fig. 1A), and 26Spe/Nhe was 
amplified using primers 629 and 116 (Fig. 1A). As controls, DE25 pas- 
sage 2 RNA was also amplified using primers 630 and 116 (lane 1), 
629 and 538 (lane 2), and 629 and 116 (lane 3), respectively. Alt RT- 
PCR products were digested by Nhel, separated by electrophoresis 
on 1% agarose gel and stained with ethidium bromide. Lane 4, 25Stu/ 
Nhe; lane 5, 25Afl/Nhe; lane 6, 25Spe/Nhe. Lane M is #X174 DNA 
digested with Heelll. 
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FIG. 5. Determination of coding capacity of mutant DI RNAs. The 
passage 1 intracellular RNAs of DE25, 25Stu/Nhe, 25Afl/Nhe, 25Spe/ 
Nhe, and 1aMNhe were amplified by RT-PCR using primers 116 and 
857 (TICTCTTTACACATTAGAG) (Fig. 1A). The PCR products were 
cloned into the EcoRV site of pBluescript(SK) and /n vitro transcribed 
into mRNAs using bacteriophage T3 or T7 RNA polymerase. [*S]- 
Methionine-labeled proteins were /n vitro synthesized using the mRNA- 
dependent rabbit reticulocyte lysate. The resulting proteins were immu- 
noprecipitated and analyzed by SDS-PAGE on 5 to 20% gradient poly- 
acrylamide gel. Lanes 1 to 5 were immunoprecipitated with anti-p28 
antibody, and lanes 6 to 10 were immunoprecipitated with anti-N anti- 
bodies. Lanes M are ‘C-labeled size markers and the numbers on the 
left side are molecular sizes in kiloDaltons. 


RNA was transfected into MHV-infected DBT cells, and 
the *H-labeled passage 1 RNAs were analyzed. As 
shown in Fig. 2, lane 3, 1aM RNA replicated as efficiently 
as other mutant and wild-type RNAs. The identity of the 
RNA was examined by direct sequencing of RT-PCR 
product made by using primers 630 and 116 (Fig. 1A). 
Surprisingly, sequence data showed that the ORF of the 
1aM RNA in P1 had been restored, i.e., both CCCs were 
replaced with wild-type AUGs, and the sequences up- 
stream of the ORF were changed to that of helper A59 
{data not shown), indicating that homologous recombina- 
tion between Ad9 viral RNA and 1aM RNA had occurred. 
The point of recombination was not determined. We have 
also cloned RT-PCR products and sequenced individual 
cDNA clones. Results snowed that in all 21 clones exam- 
ined, both CCCs have been converted to AUGs (data 
not shown}. This result confirmed the high frequency of 
recombination between DI RNA and helper viral RNA and 
the competitive advantage of DI RNA with a long ORF 
(de Groot et a/, 1992; Kim et a/., 1993b). Thus, in contrast 
to the 12-nt insertions, the 6-nt substitution did not pre- 
vent RNA recombination. It is noteworthy that 1aM RNA 


did contain a 12-nt insertion at the Stut site, which is 
about 460 nt downstream of the AUG. Interestingly, all 
21 cDNA clones retained this 42-nt insertion, as indicated 
by Nhel digestion (data not shown}. This result further 
suggested that 12-nt insertions indeed prevented recom- 
bination, but only in its immediate neighborhood. Be- 
cause of recombination, we could not determine whether 
1aM RNA itself replicated. 


Replication of a closed-ORF DI mutant with both point 
mutations and amber-mutation-linker insertion 


To address the true replicating ability of DI RNAs with- 
out an ORF, we inserted a 12-nt amber-mutation linker 
immediately downstream of the substituted initiation co- 
dons of the 1aM ORF to attempt to prevent RNA recombi- 
nation. The RNA (1aMNhe) (Figs. 1A and 1B) was 
transfected into MHV-infected cells, and the PH]uridine- 
labeled passage 1 and passage 2 RNAs were analyzed. 
Figure 6A shows that 1aMNhe RNA replicated as well 
as the wild-type DI RNA at both passages. The identities 
of these RNAs were determined by direct sequencing of 
the RT-PCR products using primers 630 and 116 (Fig. 
1A). The sequence data (Fig. 6B) demonstrated that the 
majority, if not all, of the PCR products derived from 
1aMNhe DI RNA retained both the CCC codons and the 
amber-mutation linker at the initiation region of the ORF. 
To further confirm that the ORF of 1aMNhe DI RNA was 
not restored by recombination or mutation at other sites, 
the PCR product from P1 intracellular RNAs encom- 
passing the entire ORF of 1aMNhe was analyzed for its 
coding capacities by /n vitro transcription and translation. 
The results showed that no protein was detected by im- 
munoprecipitation with either anti-p28 or anti-N antibod- 
ies, indicating that no viral protein was made (Fig. 5, 
Janes 5 and 10). We examined two different PCR clones, 
and both gave identical results. These findings demon- 
strated that MHV Di RNAs without a virus-specific ORF 
could replicate. We conclude that a cis-acting, virus-spe- 
cific gene product encoded from the Dl-specific fusion 
ORF is not required for MHV DI RNA replication and that 
a 12-nt insertion prevented or delayed the occurrence of 
RNA recombination, thus maintaining the integrity of the 
mutant DI during viral passages. 


DISCUSSION 


in this paper we have demonstrated that MHV mutant 
DI RNAs with a truncated or closed ORF replicated as 
well as the natural DI RNAs, suggesting that MHV DI 
RNA replication does not require the c/s-acting functions 
of virus-specific fusion proteins. This study was made 
possible by our unique mutagenesis strategy, which pre- 
vented or delayed the occurrence of RNA recombination 
between the mutant DI and helper viral RNAs; therefore, 
DI RNA replication could be studied independently of 
RNA recombination. Our data suggest that MHV DI is 
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AS9/1aMNhe/P1 
AS9/1aMNhe/P2 


AS9/DE25S/P1 
AS9/DE25/P2 


es 


ATGGCAAAGATGGGCAAA 


CCCGCAAAGCCCCTAGCTAGCTAGGG 
pals 


] 


FIG. 6, Passage 1 and 2 RNAs of mutant iaMNhe. (A) [H]Uridine- 
Jabeled intracellular RNAs from 1aMNhe-RNA-transfected and A59-in- 
fected DBT cells were denatured by glyoxal and analyzed by 1% aga- 
rose gel electrophoresis. Lane 1, AS9 virus infection alone. Lanes 2 
and 3, DE25 passage 1 and 2 RNAs, respectively. Lanes 4 and 5, 
jaMNhe passage 1 and 2 RNAs, respectively. Arrow indicates the DI 
RNAs. (B) Direct sequencing of RT-PCR products from P1 RNA. 
laMNhe and DE25 P1 RNAs were amplified by RT-PCR using primers 
629 (5’TACTATCAAATCTCTTTAGACS3') and 116 (Fig. 1A), and the PCR 
products were subjected to direct sequencing using the same primer. 
The 12-nt amber-mutation linker is underlined, and CCC substitutions 
are indicated for 1aMNhe. 


distinct from DI RNAs of poliovirus (Kuge et a/, 1986; 
Kaplan and Racanietlo, 1988; Hagino-Yamagishi and No- 
moto, 1989; Collis et a/, 1992) and clover yellow mosaic 
virus (White et a/, 1991, 1992), both of which require an 
ORF in DI RNAs to replicate. This conclusion raised sev- 
eral puzzling questions: First, why do all of the naturally 
occurring MHV Dis have a long ORF encoding at least 
part of gene 1a (Makino eft a/, 1988a, 1990; van der 
Most et a/, 1991)? One possibility is that this fact is the 
fortuitous result of the nature of the cis-acting signal for 
MHV RNA replication, which includes part of the gene 
1a-coding sequence (Lin and Lai, 1993; Kim et a/., 1993a). 


Second, why, as shown previously (de Groot et a/., 1992; 
Kim et af, 1993b) and confirmed here, does a DI RNA 
with a fonger ORF have a competitive advantage over a 
DI containing a shorter or no ORF at all, thus allowing 
the former DI RNA to accumulate? It has been demon- 
strated that DI RNAs containing ORFs of different sizes 
replicated equally well when they replicated separately; 
however, when they replicated together, the ones with a 
longer ORF rapidly predominated (Kim et a/, 1993b). 
Thus, the advantage of a jong ORF was seen only when 
two types of RNA were in direct competition. One possi- 
ble mechanism is that the binding and sliding of ribo- 
somes along the DI RNA molecules increases the stabil- 
ity of RNA or removes RNA secondary structures so that 
the replication efficiency of Dis increases, The role of 
ribosomal or translational factors in removing RNA sec- 
ondary structures to facilitate reptication has been shown 
in Q8 phage RNA replication (Kamen, 1975; Weber and 
Weissmann, 1981). These factors may be present in iow 
amounts, which are barely sufficient for the replication 
of one DI RNA species. When two DI RNAs are in compe- 
tition, the jonger ORF may capture these factors more 
effectively. All capped RNAs are expected to be scanned 
by ribosomes; the longer ORF may allow ribosomes and 
translation factors to stay with the RNA longer. Another 
potential indirect mechanism is that proteins from the 
translational machinery may stay bound to DI RNA after 
RNA replication and facilitate viral RNA packaging or 
uncoating in the next round of infection. Regardless, 
these postulated factors would facilitate, but are not ab- 
solutely required for, DI RNA replication. It should be 
noted that although our data showed that neither c/s~ 
acting viral protein nor Dl-specific ORF are required for 
MHV DI RNA replication, we cannot rigorously rule out 
the possibility that translation per se is linked to RNA 
replication because the DI RNA mutants may still encode 
short and nonspecific proteins and that translation per se 
from these short ORFs may be linked to RNA replication, 
Nevertheless, our data clearly showed that an ORF en- 
coding a cis-acting, virus-specific protein is not inher- 
ently required for RNA replication. 

lt should also be noted that the DissE used in this 
study is the smallest DI RNA currently known. The short 
RNA may contain a minimum number of RNA secondary 
structures, and it is, thus, less dependent on cellular or 
viral factors for conformational alteration. Therefore, we 
cannot rule out the possibility that replication of MHV 
genomic RNAs may require ribosomal factors or c/s-act- 
ing viral proteins for replication. 

It has been shown that MHV can undergo type | homol- 
ogous recombination (Lai, 1992) between two viral RNAs 
of different MHV strains (Lai et a/, 1985; Makino et al, 
1986; Keck et a/, 1987, 1988a,b), between viral genomic 
RNA and DI RNA (van der Most et a/, 1992; Furuya et 
al., 1993; Kim et a/., 1993b), and even between viral geno- 
mic RNA and transfected RNA fragments (Koetzner et a/., 
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4992; Laio and Lai, 1992). The sequence and structural 
requirements of the parental RNA molecules for recombi- 
nation are not yet clear. The results from this study pro- 
vided an insight into the mechanism of RNA recombina- 
tion. Our studies showed that a 12-nt insertion prevented 
or delayed the occurrence of homologous recombination 
in the vicinity of the insertion. This result is consistent 
with that of a deletion mutant DI studied previously, in 
which a 2.1-kb deletion prevented recombination repair 
by the helper virus (de Groot et a/., 1992). In contrast, 
nonsense point mutations and single-nucleotide deletion 
mutations were readily reverted to wild-type sequence 
through homologous recombination (de Groot et al, 
1992; Kim et a/, 1993b). Our results also indicated that 
even the 6-nt substitution mutant (1aM) underwent re- 
combination. Taken together, these data suggest that 
homologous recombination readily occurs between DI 
RNA and helper viral RNAs when sequence differences 
do not involve extensive detetions or insertions. Conceiv- 
ably, recombination requires the donor and recipient 
RNAs to be aligned either directly or indirectly with each 
other. The presence of a long stretch of insertion or dele- 
tion might interfere with the alignment and thus interfere 
with recombination. It will be of interest to know what 
extent of homology between two RNA molecules is re- 
quired for type | homologous RNA recombination to oc- 
cur. The DI RNA with a closed ORF described in this 
report may provide a convenient system for studying this 
issue. In this regard, it is particularly enlightening to note 
that recombination occurred at the AUG -» CCC substitu- 
tion sites, but not at the site of the 12-nt insertion, which 
is located 460 nt downstream in 1aM RNA, whereas re- 
combination did not occur or occurred much more slowly 
at the substitution site in 1aMNhe, which contains the 
12-nt insertion immediately adjacent to the substitutions. 
These observations further confirm the constraints im- 
posed by sequence insertion on RNA recombination. 

In conclusion, we have demonstrated that the replica- 
tion of MHV DI did not require the viral gene product(s) 
encoded by its ORF, suggesting that no vira! protein has 
cis-acting effects on DI RNA replication. Thus, although 
the length of DI ORF provides a competitive advantage 
for DI RNA accumulation, the viral gene product from 
ORF itself is not required for RNA replication. In addition, 
we found that the 12-nt insertions in DI RNAs delayed 
or reduced the frequency of homologous recombination 
between the DI RNA and the wild-type helper virus RNA. 
However, the occurrence of recombination is likely regu- 
fated by multiple factors such as the position and se- 
quence of the insertions. Our system described here will 
allow further understanding of the mechanism of RNA 
recombination. 
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